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ABSTRACT
Detailed physical profile of eight transplanted loggerhead sea turtle, Caretta 
caretta. nests were obtained from Virginia and northeastern North Carolina and 
reburied in Back Bay National Wildlife Refuge (BBNWR), Virginia Beach,
Virginia during the summers of 1987, ‘88, and ‘89 to determine if the physical 
location of the egg within the nest had an affect on sex determination. Transplanted 
nests were reburied in sandy substrate at a depth of 15-60 cm on south facing 
dunes, and a Campbell Scientific data-logger logged synchronously environmental 
data. The following data were collected: temperatures at various locations within a 
nest, net absorbed radiation, ambient temperature, rainfall (cm), substrate moisture 
content, and tide cycles.
To understand the determination of sex, a time series analyses was employed to 
explain the variability, the periodicity, and the irregular oscillations of the 
temperature data. The regression analysis, using the periodicity of the spring/neap 
cycles, indicated a significant diurnal and spring/neap tidal affect. The 29.5 and 
14.7 day cycle were significant. In addition, a delayed heating affect on the dune 
temperatures was noted 3-5 days after the lowest tides of the full and new moon 
cycles which consistently occurred at approximately 3:00 P.M.
Temperature records in nests at BBNWR were consistent with those producing a 
predominance of male hatchlings (<28.0C). Temperatures which produced females 
did exist, but were infrequent. Maximum beach face heating resulted in elevating 
temperatures from 1-3C at the 37cm depths. This affect could produce females in 
late summer and early fall. Physical parameters varied with depth, time of day, and 
season (summer/fall). The results of this study are important to conservation of 
sea turtles because they contribute much to the knowledge of how nest manipulation 
may control sex ratios. Using the approach developed in this study, a mathematical 
model to predict sex ratios could be developed that would be applicable for various 
physical regimes found on most major nesting beaches of various sea turtles around 
the world.
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INTRODUCTION
The loggerhead sea turtle, Caretta caretta. is the most abundant temperate sea 
turtle along the southeastern Atlantic coast of the United States. Loggerheads 
regularly nest as far north as Virginia; however this nesting effort is unevenly 
distributed. The vast majority of nesting occurs in southern Florida (Murphy & 
Hopkins-Murphy, 1989). Nest frequencies have been reported by the United States 
Fish and Wildlife Service (USF&WS) in the southeast since the 1970s. Virginia 
represents the northern-most nesting range for loggerheads, and, even though 
suitable nesting beach habitats are available, only one to eight nests have been 
recorded each summer (Jones, Unpublished data). Due to transgressive beaches, 
all nests in Virginia are relocated to the dunes for protection.
During the 1970s, the USF&WS transplanted thousands of loggerhead sea turtle 
eggs from Cape Romain, South Carolina to the incubation site on Back Bay 
National Wildlife Refuge in Virginia Beach, Virginia. Relocating eggs to a 
carefully chosen protected incubation site produces a higher hatch rate than those in 
undisturbed natural nests (Wyneken et al., 1988). The objective of this project was 
to "re-establish" the loggerhead population in Virginia (unpublished USF&WS 
Progress Report No. 11, 1979, Appendix 8). Theoretically, females hatched at this
site in Virginia would return to their natal beach for nesting (Carr, 1956; Carr & 
Ogren, 1959; Carr, 1975). This hypothesis has yet to be proven. Byles and Musick 
(1981) pointed out that there is no historical evidence that large numbers of 
loggerheads ever nested extensively in Virginia, and the practice of egg 
translocation from Cape Romain, S.C. was discontinued in 1979.
Even though large, juvenile loggerhead sea turtles occur in Virginia waters in 
summer by the thousands (Lutcavage & Musick, 1985), loggerhead nests are rare 
(Byles & Musick, 1981). Virginia loggerhead nests were few compared to the rest 
of the southeast coast (unpublished data, USF&WS, Back Bay National Wildlife 
Refuge (BBNWR).
Sex determination in most turtles is temperature dependant (Bull & Vogt, 
1979). For each species of sea turtle, there is a threshold or pivotal temperature at 
which equal numbers of males and females are produced (Raynaud and Pieau,
1985). The pivotal temperature for loggerheads had been shown to be 30.OC with a 
standard deviation of 1.8C in laboratory conditions (Mrosovsky and Yntema, 1980). 
From natural nesting sites, the pivotal temperature has been shown to be 29.0C for 
loggerheads from Cape Fear, North Carolina, to Florida (Mrosovsky, 1988). This 
value is lower than what was previously reported from Cumberland Island, Georgia
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(Yntema and Mrosovsky, 1982). However the estimated 29.0C pivotal 
temperature for the southeastern United States is comparable to the 28.6C found in 
Australia for loggerheads (Limpus et al, 1985). As temperature increases above the 
pivotal threshold the proportion of females increased to 100% at or above 32C. As 
the temperature decreases to or below 28C, 100% of the hatchlings are males 
(Mrosovsky, 1994).
Sex of individual loggerhead and the other sea turtles is controlled by the 
incubating beach temperatures (Spotila et al, 1987). Sex is determined in sea 
turtles by nest temperature during the middle trimester of incubation (Yntema et al., 
1982; Mrosovsky, 1988; Ewert et al.,1994). The direction of sexual differentiation 
within the nest is determined by the prevailing temperatures at certain depths during 
the critical period (Yntema and Mrosovsky, 1982). A range of incubating 
temperature profiles exists for the loggerhead in different nesting beaches in 
Florida, Georgia, and South Carolina (Mrosovsky, 1988). Genetic evidence 
suggests that loggerheads nesting in Florida represent a distinct population from 
those nesting in Georgia and South Carolina (Bowen et al, 1993). The origins of 
loggerhead nesting in Virginia are unknown and little is known of sex ratios in 
loggerheads produced at the northern extreme of their nesting range in Virginia.
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Byles & Musick (1981) suggested that predation and autumn cooling may 
destroy almost 100% of hatchling loggerheads from Virginia. In addition, these 
hatchlings must travel nearly 400 km to reach safe habitat within rafts of sargassum 
in the Gulf Stream. Hatchling loggerheads remain within these mats during the 
"lost" years before they return to inlets and bays of the western Atlantic for feeding 
and predator avoidance (Carr, 1986; Hamner 1988; Musick & Limpus, 1996). In 
addition, Virginia’s northern location may produce incubation temperatures that are 
lower on average than those on southern nesting beaches. Incubation temperatures 
at or lower than 28.0C produce mostly male sea turtles (Yntema & Mrosovsky, 
1982). Thus, loggerhead nests in Virginia may produce mostly males which do not 
return to nest.
In order to evaluate the present and past potential impact by the USF&WS 
transplantation of loggerhead nests to and within Virginia, a detailed investigation 
of the substrate temperatures produced at the incubation site in BBNWR is needed. 
To access the policy of relocating loggerhead nests from both Virginia and South 
Carolina beaches to BBNWR, it is important to know the sex ratios of hatchlings by 
nest temperatures at the incubation site. The objectives of this study were to define 
the thermal environment controlling the sex of loggerhead hatchlings, and to define
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the interactions between the physical parameters (i.e. solar radiation, ambient 
temperature, rainfall, soil moisture, and tides) affecting dune substrate temperatures 
in the unnatural incubation site in BBNWR, Virginia Beach, Virginia.
MATERIALS AND METHODS
Environmental data were collected from transplanted nests containing 
loggerhead sea turtle eggs during the summer nesting season for years 1987,488, 
and 4 89. The incubation site had been utilized continuously as a safe area to 
transplant loggerhead nests since 1969. This site is located within the boundaries of 
BBNWR, Virginia Beach, Virginia, 20 meters behind the dune crest approximately 
3.5 km south of the north ramp, longitude 75 53’ and latitude 36 40’. The 
incubation site area was 4 x 4  meters (m). The research area encompassed a beach 
46 km in length and approximately 40 meters wide at mean water level (MWL).
Estimated elevation of the incubation site was 3-4 meters above MWL. No 
analytical survey of the beach face or dune height was made. Beach sand 
composition was not determined. The dune ridge was erected during the 1930s 
from Virginia Beach, Virginia, to Cape Hatteras, North Carolina. The Civilian
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Conservation Corps (CCC) constructed this dune ridge obtensibly to protect 
terrestrial habitats and wildlife. As a result, the beach face was destablized, and 
possesses a high energy profile. Spring high tides crest at the base of the dune ridge 
result in severe beach erosion.
Loggerhead nests were relocated to the incubation site due to vehicular traffic 
(44 permitees as of 1989) and frequent ocean inundation to the base of the dunes. 
Personnel from BBNWR and False Cape State Park (FCSP) located sea turtle 
crawls and marked the nests in Virginia. Vehicular permitees traveling to work on 
the beach in Virginia from Corolla, North Carolina reported nest sites between 
north ramp BBNWR to Corolla, North Carolina. No patrols were performed south 
of Corolla, North Carolina.
TEMPERATURE & METEOROLOGICAL PROFILES
Computers at the incubation site continuously collected environmental data, 
substrate temperature, solar radiation, ambient temperature, and rainfall. Data were 
collected in eastern standard time (EST) with days logged as Julian days. 
Measurements were recorded with a CR10 Campbell Scientific data micro-logger,
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with a 12V power source. Data means were calculated and recorded from stored 5 
second measurements at 15 minute intervals for each probe. The data recording 
format started on the hour.
In 1987, the CR10 micro-logger was placed underground within a styrofoam 
cooler. Ambient temperature and solar radiation data were collected one m above 
the surface. No radiation data were collected for Julian days 211-230 (7/30-8/18). 
No rainfall data were collected in 1987. Due to moisture contamination and 
datalogger malfunction this design was abandoned in 1987.
In 1988 and ‘89, CR10 data micro-loggers were housed in a white plywood 
weather box (0.5 x 0.5 x 0.15 m) one m above the surface. A sensor (Model 107, 
Campbell Scientific) for ambient air temperature was placed 5 cm below the 
computer housing and 1 m above the surface.
For each nest, four sensors were inserted above, beside, within, and below the 
egg mass at 15, 37, 37, and 60cm below the sand surface respectively. The 
accuracy for each temperature sensor was +/- 0.1C over a range of -33 to +48C.
All sensors were calibrated for accuracy (+/- 0.1C) against a platinum thermometer 
in the laboratory, Department of Geological & Physical Sciences, VIMS. A 3 m 
aluminum pole was secured to the north side of the weather box and a 2 m
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horizontal bar was attached to the top of the pole forming a 4T \  Wind speed and 
direction detectors were affixed to each end of this bar. These data were not 
analyzed in this study. A radiation detector (pyranometer) was attached to the pole 
2 meters above the surface. A rainfall monitor was located on an extended 
platform beside the weather box housing.
Using a lap-top computer, files from data micro-loggers were transferred onto 
diskettes every 6 to 15 days. All instrumentation was periodically cleaned and 
leveled.
TEMPORAL PLACEMEMT
Fresh nests were excavated within 24 to 48 hours of deposition. The eggs were 
placed into a Styrofoam cooler with damp sand. Using a soft lead pencil, each egg 
was marked with an "X" on the upper surface. This maintained proper orientation 
of the excavated eggs during reburial at the incubation site. The clutch of eggs was 
placed in a cylindrical wire cage 35cm X 75cm with a 6 mm gauge. The top of 
the cage, 15 cm above the surface, was secured. The total volume of the cage was 
72,158 cubic cm. The wire cage was necessary to protect eggs from predators, i.e. 
ghost crabs, foxes, raccoons, and wild horses (Fowler, 1979).
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The top of the egg mass was approximately 15cm, and the bottom 60cm from 
the sand surface. The relocated nest did not duplicate morphology of the natural 
nest. Protocols for this study were based on previous practices employed by 
USF&WS at BBNWR since 1969. Each egg mass was spatially arranged in the 
shape of a cylinder consisting 6 to 13 layers of eggs for each nest. Each level 
consisted of 10 to 15 eggs depending on the size of the clutch.
Nests were considered ’’late nests” after 1 August. Cooler temperatures 
necessitated the removal of late nest eggs to insure survival of the hatchlings. Eggs 
from the incubation site were transferred to an indoor facility in late September or 
early October. These eggs were placed in plastic shoe boxes with moist perlite 
and local beach sand. Local sand was used to facilitate possible imprinting. The 
moist sand and perlite maintained the relative humidity around the eggs. This vapor 
pressure was crucial for the later emergence of the hatchling from the egg. The 
relative high thermal conductivity of sand (0.S37 watts/m C) reduced water loss of 
the parchment shelled eggs in its hydric environment during the incubation 
(Ackermann et al, 1985).
After completing a majority of the incubation period, late nests in 1987 were 
removed from BBNWR and taken to VIMS sea turtle greenhouse facility,
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Gloucester Point, Virginia. In 1989, a facility at False Cape State Park (FCSP) was 
used to collect data and hatch nests. Morphometries, consisting of carapace length, 
width, and plastron length and width, were taken with a Swiss Precision Plastic dial 
caliper (0.1mm). Upon hatching, all hatchlings were counted, weighed, and 
measured. In 1989, tissue and blood samples were taken from hatchlings. Blood 
and embryonic tissue samples were placed in 10% neutrally buffered EDTA 
(ethylenediaminetetraacetic acid), and samples were frozen.
Certain hatchlings were held at VIMS for further observations and 
determination of sex. All hatchlings were released at night on an outgoing high 
tide in BBNWR or Cape Hatteras, North Carolina, to reduce predation by visual 
predators (mainly birds). Sex in yearling loggerheads was determined by 
laparoscopy (Gloucester Veterinary Hospital, Gloucester, Virginia). “Head-started” 
yearlings were released at VIMS beach and Goodwin Island, Chesapeake Bay.
TIDAL CYCLES
Tide data were obtained from the Army Corps of Engineers, Coastal 
Engineering Research Center, Duck, North Carolina, for years 1987,4 88, and 4 89,
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at approximately sixty-five kms, south of the study site.
SUBSTRATE MOISTURE CONTENT
Core samples were taken in 1988 and 1989. A PVC pipe (75cm X 5cm) with a 
45 degree tip was hammered vertically into the substrate within the incubation 
area. Each core was approximately 60cm deep. The designated locations were 0.5 
X 1.0 m, and were in the southeast (bottom sill, BS) and northwest (top dune,TD) 
comers. Bottom sill was approximately 0.8 m due south of the weather box. Top 
dune was approximately 3 m due northwest from weather box. Cores were divided 
into approximately 200g samples from bottom to top. Each sample was placed into 
plastic bags (1.5g). Using a Ohaus triple beam balance (+/- 0.0lg), the samples 
were weighed after 48 hours, and again after 72 hours. Sample weights were 
unequal. Samples were dried at 70 C to evaporate water content and to conserve 
the organic material in substrate sample. A relative percent of water content was 
calculated from the weight of water (g) in each sample by the weight of the original 
sample. Sampling was done every 6 to 15 days since frequent visits to the remote 
incubation site resulted in unequal sampling intervals.
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STATISTICAL ANALYSIS
All data files were manipulated and processed for analysis using statistical 
packages from Minitab, Inc. and SAS (Statistical Analysis System). All data were 
analyzed for descriptive statistics (Sokal and Rohlf, 1969).
In analyzing the continuous temperature records, a time series analysis was used 
with components consisting of long term effects (time), daily effects (24 hour 
period), and spring tide cycles (29.5 and 14.7 day cycles) (Kendall & Ord, 1990). 
The 7.3 day cycle was included to determine if there was any affect due to the neap 
cycle. This analysis resulted in a regression equation describing the sinusoidal 
series. A positive or negative value (temperature constant) for the long term trends 
(time) explained the interval change over the period. Each component was 
expressed as a mathematical expression;
X = Acos(wt) + Bsin(wt) 
w = 2^/T, T = period, time of repetition
= 24 hour, 29.5,14.7, and 7.3 day cycle 
The amplitudes (r) for each component of the predicted regression equations were 
calculated from the coefficients A and B;
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r =\/5F+ B>
The amplitudes indicated the intensity of each of the components. The residual root 
mean square (S) for each regression equation was calculated;
S =y SS(error) / DF(error)
The S described the extent or variability of the data about the predicted regression 
equations. The smaller the S value, the closer the fit of the regression equations.
Tide data were utilized to analyze relationships between the temperature records 
and tidal heights (spring/neap cycles). No regression analysis between tide heights 
and temperature records was conducted.
Moisture data were analyzed for descriptive statistics. Moisture data were 
grouped into approximate depths: top l-15cm, middle 15-37cm, and bottom 37- 
60cm. This analysis resulted in an observed change in the hydric environment or 
relative water content in the substrate over time. A non-parametric statistical test, 
Mann-Whitney, was used to determine the significant differences between cores.
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RESULTS
1987
In 1987 loggerhead nest #5 was placed one m due west from the data logger. 
The temperature records for nest #5 were not continuous for the length of 
incubation, but were taken in periods as follows: days 211-230 (7/30-8/18), days 
233-252 (8/21-9/9), and days 260-279 (9/17-10/6). Mean temperatures were 
recorded for these periods (Table 1; Appendix 1). First and third periods were 
thwarted by electrical problems due to condensation, and irregular data records 
resulted. In Table 1, the temperature results were grouped into top, center, side, 
and bottom zones. Certain trends were identifiable, and nest temperatures varied 
with depth and time of day.
Recorded mean temperatures suggested no heat difference between the center of 
egg mass and the periphery. Air spaces did not exist in transplanted nests. Air 
spaces within natural egg masses can absorb metabolic heat more efficiently than in 
transplanted nests where air spaces are filled with substrate. During incubation, 
temperatures within the center of the nest did not increase to a greater extent than 
the extremities.
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The mean temperatures recorded decreased over the corresponding intervals, and 
the standard deviations for each mean increased over the periods (Table 1). This 
gradual decrease in mean temperatures was attributed to the reduction in solar 
radiation. As in late summer, the nights became cooler with warm days.
The continuous temperature records for period 233-252 (8/21-9/9) exemplified 
the simultaneous interaction of all four records (Figure 1). The period 233-252 
(8/21-9/9) corresponded to the middle trimester crucial for sex determination. 
Modulations in the continuous top temperature record varied widely from its mean 
of 27.6C. At 15cm, temperature extremes of 2 to 4C in the graph were influenced 
by daily fluctuations. At depths 37 and 60cm, the modulations were reduced. 
Meteorological events, clouds and/or rain, accounted for the depressions in 
temperatures for days 5, 6, 7 (8/26-8/28), 13 (9/3), and 17 (9/7) for this period.
Daily temperature maxima, Vt (vertical lag), were reached within the 
temperature records at 15, 37, and 60cm at different times of the day (Figure 5). 
Daily substrate temperature maxima were attained for 15, 37, and 60cm at 6, 12, 
and 18 hours after the noon hour respectively. Temperature records were not 
synchronous at each depth respectively. The temperature records captured the 
absorbed solar heat radiating downward through the substrate from the
16
surface.
In nest #5 only four days with mean temperatures above the pivotal temperature 
were recorded at 15cm and 37cm depths: days 233 (8/21), 234 (8/22), 240 (8/28), 
and 24 (8/29). The bottom profile recorded no temperatures above the pivotal 
temperature. The 15cm depth, top of the nest, included nine days above the pivotal 
temperature: days 233, 234, 235 (8/21-8/23), 239,240,241, 242 (8/28-8/31), 249 
(9/6), and 250 (9/7). On days, 233, 234 (8/21-8/22), and 240,241 (8/29-8/30), a 
heat “surge” within the micro environment of the egg chamber was recorded. The 
trend of the graph represented a sinuous wave, decreasing in heat maxima over the 
time interval.
1988
In 1988, no loggerhead sea turtle nests were reported. Temperature sensors were 
attached to 5.0 x 5.0 x 75cm wooden stakes at their respective depths: 15, 37, and 
60 below the surface. The sensors on day 204 (7/22) were placed at four 
determined sites. Two sites were 1 m and two sites were 3 m from the weather 
box. Additional parameters, cm rainfall and moisture content of the
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substrate, were added to the physical investigation.
The temperature records for site 1 (SI), site 2 (S2), site 3 (S3), and site 4 (S4) 
were continuous for 88 days. The 88 day records for each site were divided into 
two intervals of 38 and 50 days respectively. This reconfiguration of the data sets 
allowed for more insight into the month of August, which was the last warm 
summer month before fall cooling. Mean temperatures for these periods are 
presented with the results were grouped into top, middle, and bottom depths (Table 
2, Appendix 1).
Data from site 2 (S2) were selected for analysis and comparison. The top sensor 
in site 1 (SI) malfunctioned, as indicated by the large temperature mean and 
standard deviation. Errors in the sensor for site 3 (S3) were due to a circuitry 
problem. Again, the standard deviations for the valid temperature records 
decreased with depth for period 204-241 (7/23-8/29). However, for the late fall 
period 241-292 (8/29-10/19) the standard deviations more than doubled at each site 
for the top, middle, and bottom depths. Interpretation of the recorded temperature 
ranges for the 50-day period (8/29-10/19) showed that cooler nights and rain 
affected the standard deviations.
The continuous temperature records for days 204-241(7/23-8/29) in site 2 (S2)
18
in 1988 were illustrated in Figure 2. Each peak in the data represented one day in 
August. For nineteen days, the maximum top and middle records exceeded the 
pivotal temperature for loggerheads. During these nineteen days, considerable 
increases above the pivotal temperature were recorded in 1988 than for the middle 
trimester in nest #5 in September 1987. The bottom depth temperature records 
were cooler. The bottom record reached the mean top for five days: 15 (8/6), 26, 
27, 28, and 29 (8/17-8/20). The broad top fluctuations of approximate 2-4C were 
apparent in the 1988 temperature records. Again, at 15cm depths, the physical 
effects of the surface were dominant. In the last days of this top record, the 
temperature dropped below the 37 and 60cm records. This was due to rain on day 
238 (8/26).
The last 50-day interval in 1988 was marked with intense meteorological events, 
rain and strong winds. The time span included the month of September through 
October 10, and no daily mean temperatures were recorded above the mean pivotal 
temperature for loggerheads. For the last third of the record, the 15cm depth 
temperature plunged below the middle and bottom depth temperatures.
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1989
In 1989, nest temperature records were recorded for seven nests in the 
incubation site (Table 3, Appendix 1). Nests were spatially arranged around the 
equipment housing containing the data micro loggers. One data micro logger 
malfunctioned for the first twenty days, 159-180 (6/8-6/29) of incubation in nest 
#1. The temperature records were continuous for the period 180-219 (6/29-8/7). 
Nest #2 and #4 temperature records were formatted in continuous twenty day 
periods corresponding to the middle trimester for sexual differentiation in 
loggerhead sea turtles (Figures. 3 &4). The nest temperature records represented 
the early summer period for sea turtle egg incubation within the unnatural protected 
dune site in BBNWR.
Nest #5, #6, and #7 represented “late” nests. In the “late” nests, the temperature 
records were interrupted. The incubation site was physically disturbed by personnel 
at BBNWR. A canopy was erected over the wire cages when one hatchling 
emerged from nest #3. Unfortunately, the wooden stakes penetrated and cut the 
sensor cables. Temperature records were logged for center and bottom for nest #6. 
Nest #7 was divided into two periods due to the unfortunate incident. The first
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period was 220-246 (8/8-973). The thermistors were inaccurate, but the data 
contained information on changes in the substrate temperatures.
Mean nest temperatures recorded for 1989 decreased over the season of 
incubations. Standard deviations for each temperature record for each depth were 
variable and increased with depth. The noticeable large standard deviations 
recorded in later periods for 1987 and 1988 were diminished in 1989 due to 
reduction in mean solar radiation.
For nests #2 and #4 continuous temperature records were characterized by 
various trends. In all three middle trimesters, the top temperature records dipped 
below the center, side, and bottom nest temperatures. These temperature drops 
were attributed to the occurrence of clouds and/or rain: nest #2, days 198-200 
(7/17-7/19), 212 (7/31), 214 (8/2), and nest #4, days 221-226 (8/9-8/14), 230 
(8/18), 231 (8/19), 236 (8/24). Modulations at the top 15cm depth varied between 
2 to 4C for all three trimesters.
In nest #2, temperatures (top, center, side, and bottom of the nest) were recorded 
for nine days above the pivotal temperature for loggerheads: days 205-212 (7/24- 
7/31), 214 (8/2), and 215 (8/3). Top, center, and side nest temperatures were 
recorded above the pivotal temperature: days 196, 197, (7/15-7/16) and 202-204
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(7/21-7/23).
Lastly, temperature records for nest #4 were affected by strong weather 
events. Bottom temperatures never attained the pivotal temperature. Top, center, 
and side of egg mass temperature records were collected above the pivotal 
temperature for six days: days 217-219 (8/5-8/7), and 233-235 (8/21-8/23). Nest 
#3 and #4 shared the same weather event for days 219-227 (8/7-8/15). The 
continuous records in nest #4 best represented the temperature dynamics.
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1987
For the three periods, the Ryratios were significant and were correlated to the
29.5 and 14.7 day spring cycle (Table 4, Appendix 2). The first period, 211-230
g y
(7/30-8/18), R values were irregular due to irregular voltage (moisture 
contamination). This was true for the high Revalues for period 260-279 (9/17- 
10/6), and the lunar/tidal signal prevailed. Data sets resulted in significant p values 
for the F ratio (p< 0.05, Appendix 2). Center residual graph for period 233-252 
(8/21-9/9) reflected similar changes in meteorological events and changes in solar 
radiation absorption. Least square curve or predicted equations were calculated for 
each temperature record (Appendix 2).
Amplitudes (daily component) for 15 cm depth for each period were greater than 
the daily signal values at 37 and 60cm. These amplitudes decreased with depth.
At 15cm, the substrate responded more to the physical effects at the surface. For 
depths below 15cm, the daily component decreased as the lunar/tidal components 
increased. The quarter lunar/tidal component (7.4 days) was less significant, and 
the quarter lunar, neap, component analysis possessed the least effect on the 
physical temperature dynamics in the incubation. The 29.5 and 14.7 periods
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(frequencies) were significant at 37 and 60cm depth.
The trend for the temperature constant (time) predicted a positive temperature 
increase over each hour. These small increases were possibly the result of warm 
and dry meteorological conditions. This was contrary to the gradual cooling 
occurring in late summer and early fall. Values during the last period, 260-279 
(9/17-10/6), were irregular due to computer malfunctions.
1988
For all periods analyzed, the R*ratios were correlated to the lunar/tidal 
components (Table 5, Appendix 2). In site 1, the malfunctioning top 15cm 
thermistor was cause for the irregular amplitudes for periods 204-292 (7/23-10/20) 
and 204-241 (7/23-8/29). In site 3 a problem occurred in 60cm sensor. However, 
the lunar/tidal effect persisted. The data sets for each regression, resulted in 
significant p values for the F ratios (p<0.05, Appendix 2). The least square curve 
equations were calculated for each temperature record (Appendix 2).
The daily component amplitudes were large at top depths. At 15cm, the physical 
effects from the surface predominated. As depth increased, the daily effect
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diminished and the lunar/tidal components increased. The quarter lunar component 
was not significant. The temperature constants were consistent with the decrease in 
solar radiation absorption. For the period 204-241 (7/23-8/29), the trends were 
unique. The top 15cm depth dissipated heat while the 37 and 60cm depths were 
absorbing heat over each 15 minute interval.
Three periods analyzed for 1988, the mean square deviation (S) for all 
temperature records decreased from top to bottom depths (Table5). This decrease 
in S over depth was dependant on heat dissipation from the surface. The residual 
graphs for periods 204-292 (7/23-10/20), 204-241 (7/23-8/29), and 241-292 (8/29- 
10/19) illustrated the effects of decreased heat and subsequent decrease in S in the 
predicted linear regression equations (Appendix 2).
1989
For periods in 1989, the ratios were correlated to the lunar/tidal components 
(Table 6, Appendix 2). Variable R^ratios were calculated for nest #2 and #5. From 
the regression analysis, no answer was apparent to explain the low and variable 
results. The data sets resulted in significant p values for the F ratio (p<0.05,
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Appendix 2). The least square predicted equations for all data sets were calculated 
(Appendix 2).
The daily component amplitudes were greater at the surface (15cm) than down 
through the substrate. At deeper depths, the daily component diminished as the 
lunar/tidal components increased. Temperature records for nests #1, #2, and #3 
represented the warm months of late June and early July. Nest #4 represented the 
latter part of summer with decreasing radiation absorption. In nest # 1, the time 
series analysis generated temperature-constant for the 15 cm depth was constant 
over each time interval, suggesting the substrate at this depth was retaining heat 
over this temperature period. Temperature records from previous years showed the 
substrate at this depth was losing heat. Salt spray interfered with the voltage of the 
data-logger. These temperature records were the first obtained from this time of 
the year. The marked increase in the temperature constants represented hot and 
hazy atmosphere that slowed the dissipation of heat off the substrate surface.
Mean square deviation (S) decreased for all temperature records from top to 
bottom depths (Table 6). These terms (S) determined the minimum and maximum 
deviation above and below the predicted linear equations for data records. In nest 
#2, the center residual graph predicted an increase of approximately 1.5 C above the
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mean (28.2 C) during the early period of incubation. In the latter middle trimester 
the residuals were daily above the mean (28.2 C) by 0.1 to 0.6 C (Appendix 2). In 
nest #3, during an approximately one hundred hour period, the center residuals were 
positive above the mean (27.2C). The center residuals deviated less frequently 
above the mean (Appendix 2). In nest #4 the center residuals deviated more 
frequently above the mean (28 C) with a range of 0.1 to 1.9 C (Appendix 2). For 
approximately six days the predicted temperatures were above the pivotal 
temperature.
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1987
Radiation data for periods 233-252 (8/21-9/19) and 260-279 (9/17-10/6) 
resulted in a mean decrease in net radiation absorption (Appendix 3). This can be 
attributed to a decrease in intensity of radiation in the late summer and early fall. 
No radiation data were collected for period 211-230 (7/30-8/18). Radiation input 
generated the daily mean temperatures for 15, 37, and 60cm depths. The heat or 
input of energy, subsequently affects the substrate temperature at certain “lags,” Vt. 
The bottom (60cm) depth reached its maximum temperature approximately 18 
hours later. Other fluctuations in solar absorption can be attributed to 
meteorological events, i.e., clouds and periods of low pressure (Figure. 1).
1988
Radiation data for periods 196-210 (7/15-7/29) and 221-241 (8/9-8/29) showed 
a sudden decrease in net radiation absorption (Figure. 2, Appendix 3). No radiation 
data were collected for period 211-220 (7/30-8/8). For period 241-292 (8/29- 
10/19), a sharp, quantitative drop in net radiation absorption resulted due to
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cloudiness from a strong low pressure disturbance (Hurricane Felix) in September, 
as compared with the two previous radiation records (Appendix 3).
1989
The data records for solar radiation were formatted into 20 day periods. The 
formatted records began the first day of nest deposition (6/7). For interpretive 
insight, the solar radiation data were examined in trimesters. Trimesters were the 
approximating the length of loggerhead egg incubation (X=66 days) in Virginia 
(Jones, unpublished data).
Radiation data for each period resulted in a mean decrease in net radiation over 
the incubation season (Appendix 3). Fluctuations in daily maxima were affected 
by weather (Appendix 3). In addition, the standard deviation for all periods 
decreased. The reduction in solar radiation intensities affected the thermal 
capacities of the substrate, which in turn influenced the “lags,” Vt, and thermal 
substrate maxima. Not surprisingly, thermal daily maxima were attained later in the 
day as the summer season progressed. The energy radiating from the surface 
nightly to the atmosphere for all three nests was variable (Figures. 1,2, 3, & 4;
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Appendix 3).
1987
Mean ambient air temperature records responded to the decrease in solar 
radiation absorption over each of the three periods (Appendix 4). The ambient air 
temperature and radiant energy were interrelated. The continuous temperature 
records of the nest #5 mirrored the daily ambient fluctuations at various “lags” 
(Figure 1). Daily ambient maxima were reached earlier in the day. The heat 
transmission through the substrate was slowed due to the conductivity of sand. For 
this period 231-252 (8/19-9/9), the interrelationship between the physical 
parameters outlined a meteorological event on approximate days 234 (8/22), 241 
(8/29), and 245 (9/2). This physical effect depressed incubating temperatures.
1988
Ambient temperature records for periods: 196-210 (7/15-7/29), 221-241 (8/9- 
8/29), and for 241-292 (8/29-10/19), displayed a response to radiation and rainfall 
records (Appendix 4). In the first two periods, the air temperatures responded to
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the solar radiation. The last period was characterized by the effects of cloudiness 
due to severe low pressure cells.
1989
Ambient temperature records decreased due to the availability of radiant heat. 
The mean ambient temperatures decreased over the summer months excluding the 
first period. The standard deviations were variable, but increased for the last period 
of the summer and early fall (Appendix 4). Ambient temperature records from 
nests #2, #3, and #4 responded to weather. The ambient mean temperatures were 
recorded 1.0 to 3.5 C below the substrate temperature means. No ambient 
temperatures were recorded for period 274-280 (10/1-10/7).
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1988
Rainfall data for periods 196-210 (7/15-7/29), 221-241 (8/9-8/29), and 241-292 
(8/29-10/19) were characterized by a period of relative dryness to extreme periods 
of very heavy rainfall (Figure 2; Appendix 5). The first two periods were the 
driest, 4.02 and 3.84 cm. The last period recorded high rainfall values, but these 
were erroneous due to a malfunction in the rainfall monitor. However, radiation 
and ambient air temperature data were indicative of the severity of the weather 
patterns for this period. Rainfall data were lost for period 211-220 (7/30-8/8).
1989
Rainfall data for each nest #2 and #4 increased over each 20 day period 
respectively. The values were 2.0 and 9.88 cm. The values calculated for each nest 
were different from the values calculated for each 20 day interval (Appendix 5). 
These values were calculated as stated previously. Rainfall records were 
interrelated with the fluctuations in substrate temperatures, radiation, and ambient 
temperature records for each nest (Figures. 3 & 4, Appendix 5). The last months of
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the summer and early fall were characterized by drier conditions. No rainfall data 
were collected for period 274-280 (10/1-10/7).
1988
Data samples and sampling intervals were unequal. The substrate was mostly 
composed of sand. No analysis to determine composition of the substrate was 
performed. Eleven vertical cores, excavated from the designated locations (top 
dune and bottom sill), were removed from the incubation site. After drying, core 
samples were grouped into depths with calculated means: top l-15cm, middle 15- 
37cm, and bottom 37-60cm (Figure 6, Appendix 6). Substrate core samples taken 
the same day were not significantly different; however, cores taken on day 240 
(8/28) were significantly different (p<0.05, Appendix 6).
The standard mean error terms showed the dispersal of the means. Looking at 
the overall averages for the entire season, the dispersals of the mean were greater at 
top (l-15cm) and bottom (37-60cm). The middle core’s means were less variable. 
This was attributed to the greater variability at the surface due to morning moisture 
(dew and rain), rapid heating, and evaporation. The variability in the bottom core
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means depended on water accumulation and tidal effects on the water table. Peaks 
on the two graphs were the result of rain on day 234 (8/22) and 251(9/8).
1989
Data samples and sampling intervals were unequal. The substrate was 
composed mostly of quartz (sand) but was not analyzed for components. Fourteen 
cores were vertically removed from the designated areas, top dune and bottom sill. 
Cores were grouped into certain depths with calculated means as in 1988: top, 
middle, and bottom (Figure 6, Appendix 6). Substrate samples taken on the same 
day were not significantly different (p<0.05, Appendix 6).
In 1989, the calculated standard mean error terms indicated the dispersal of the 
means. As in 1988, the variability was greatest at the top and bottom depths. The 
bottom core depth accounted for the higher concentration of water per substrate 
volume. The moisture in this bottom core was possibly affected by the tidal cycles 
The middle core depth was an area of transition and stability. Peaks in the graphs 
were due to rain on day 182 (7/1), 224 (8/12), and 260 (9/13).
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TIDES
The “spring” (29.5 and 14.7 day periods) and diurnal indices were found to have 
a significant effect on the temperature records in this investigation (Table 4, 5, & 6; 
Appendix 7). Tides were analyzed by their daily standard deviation above MWL. 
The standard deviation showed the range of the tides across the beach face. The 
greater the value of the standard deviation the greater the area of exposed beach 
face at low tide.
From Virginia to Miami Harbor, Florida, the lowest tide during the spring cycle 
occurred approximately at 3:00 P.M. (Table 13, NOAA, Tide Tables, Dept, of 
Interior, Appendix 7). Maximum exposed beach face during the mid-afternoon 
resulted in maximum substrate heating. This heat flux diffused laterally through the 
beach face and to the dunes. The standard deviation of the spring tides varied.
The standard deviation of the perigee (29.5 day cycle) was the largest and exposed 
the greatest surface area of the beach face to solar heating. The neap cycle was a 
cooling factor or heat sink. During the neap cycle, the ocean covered the beach face 
during the afternoon. Minimal beach face exposure resulted in a minimum 
absorption of heat.
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1987
For the middle trimester in nest #5, the center temperature range was 26.0- 
28.4C. Net change in the temperature gradient was 2.4G. While the reduced range 
for the center record showed a reduction in heat absorption in the late summer.
This temperature record represented the period from 8/21 to 9/9. Temperature 
records and tidal components were correlated, but, complicated by weather events 
(Table 4; Figure 7, Appendix 1 & 7). Temperature records and tide heights were 
asynchronous.
A temperature lag was shown between the initial spring tide cycle and response 
to the heat flux in the incubation substrate. This lag period ranged from 3 to 5 days. 
The degree of response in the substrate to beach face heating was controlled by 
wind speed and direction, radiation, rainfall, substrate moisture, and clouds.
The center temperature record was low on day 240 (8/28) from previous cooling 
by the neap tide. The temperature record recovered on day 243 (8/31) as a result of 
spring tide heating. The cooling effect from the neap tide reached its low on the 
temperature record on day 245 (9/2). Day 245 (9/2) began an intense heating 
sequence from clear atmospheric days (Figure 7). Day 247 (9/4) temperature
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records were depressed by weather events but recovered quickly on day 249 (9/6) 
from the spring tide heating plus net radiation absorption in substrate .
1988
The spring heat mechanism was clearly identifiable for the entire interval, 204- 
241 (7/23-8/29). The range of center temperature record for site 2 was 26.5 to 29.5 
C. The net change in the temperature record was 3.0 C. The temperature record 
and tidal components were correlated and not complicated by weather (Table 5; 
Figure 8, Appendix 1 & 7). The last temperature record 241-292 (8/29-10/19) was 
affected by extreme weather events. Daily mean temperature records and daily 
standard deviation of the tides were asynchronous.
The temperature lag for this interval from the lateral heating was 5 to 7 days. 
Total rainfall for this interval was 1.65 cm. A twenty day segment for rainfall was 
lost, however Figure 8 was clearly free of strong weather effects. Day 233 (8/21) 
represented a depression of the temperature record from rainfall and cloudy days. 
The mean daily temperature record and standard deviation of the tides were 
remarkably similar.
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1989
For the middle trimester in nest #2, the center temperature range was 25.5-
29.5 C. Net change in the temperature over the interval (7/14-8/3) was 4.0 C. 
Larger net change was evident in the center temperature record from an increase in 
absorbed solar energy. The temperature record and tidal components were 
correlated (Table 6; Figure 9, Appendix 1 & 7). Daily mean temperature records 
and daily standard deviation of the tides were asynchronous.
Temperature lag for nest #2 from the lateral heating was 5 days. Total rainfall 
for this interval was 2.00 cm. Day 200 (7/19) represented a day of rain and 
overcast skies. In figure 9 it is apparent that most of the rainfall fell prior to day 
200 (7/19). Mean daily temperature records and standard deviation of the tides 
were remarkably identical.
For the middle trimester in nest #4, the center temperature range was 25.0 - 29.0 
C. Net change in the temperature range was 4.0 C for interval 8/4-8/24. 
Temperature records and tidal components were correlated but were complicated by 
weather (Table 6; Figure 9, Appendix 1 & 7). Daily temperature means and daily 
standard deviation of the tides were asynchronous.
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Temperature lag for this interval from the lateral heating was 4 days. Total rainfall 
for this interval was 10.48 cm. Most of the rainfall fell during the interval from day 
221 to 231 (8/9-8/19)( (Figure 4). Intervals of recovery were identifiable on day 
230 (8/18). Rainfall on days 231 (8/19)and 232 (8/20) disrupted the gradual 
substrate temperature increases. After day 233 (8/21), the center temperature 
record responded to increasing surface temperatures.
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1987
All loggerhead nest dates (deposition), length of incubation, egg count, percent 
hatch rate, and hatchling release dates were recorded for each sea turtle clutch 
during this investigation (Appendix 8).
1987
Six loggerhead nests were transplanted into the research site. In 1987, nest #5 
was the only nest permitted to be probed. Nest #6 was transplanted within one 
meter of nest #5. The middle trimester of nest #6 was approximately the same as 
nest #5.
The egg total for the incubation site was 764 eggs, with the average clutch 
size of 127.3 eggs. Mean hatch rate was 84% with the length of incubation 
variable. Variability was due to cooler temperatures in late summer and early fall. 
The mean term for clutch incubation in the northern-most range of nesting 
loggerhead sea turtles in Virginia was 65.3 days. No nesting loggerhead sea turtle 
was tagged in 1987.
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Thirty-six (36) head-start hatchlings were selected from nest #5 in 1987. Twelve 
(12) hatchlings were taken from the top, middle, and bottom of the nest, 
respectively. All groups were maintained separately at the VIMS greenhouse 
facility. All individuals succumbed to infectious Entamoeba invadans (George, 
Jones, & Musick, 1990). All individuals were determined to be male (Jones, 
unpublished data). The predominance of maleness in nest #5 predicted an all male 
6th nest.
1988
No loggerhead nests reported
1989
There were seven loggerhead nests deposited within the incubating site. Egg 
total for the incubation site was 981 eggs, and the average clutch size was 140 eggs. 
The mean hatch rate was 89%. The period of incubation increased as the season 
became cooler. The mean incubation for nesting loggerheads in their northern range
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of nesting in Virginia was 66 days.
A nesting female was captured 6 June 1989. The nesting female was tagged 
(PPX 835, 836, and G1079, 1080), measured, and blood samples taken. 
Photographs were taken of the female’s crawl on the beach face. A caliper was 
used in the photographs as a reference point (10cm). A second nest was deposited 
23 June 1989 3 km north of the first nest. A second female was depositing nests 
within the research area. The crawl width of this female was considerably smaller. 
From the photographs the crawl for nest #2 was determined to be the tagged female. 
On 7 July 1989, the tagged female from the first nest (6/6) was recaptured nesting 
approximately 3 km south of the first nest. The tagged female was determined from 
the photographs to have deposited five clutches in 1989. Seven hundred and 
twenty six (726) eggs were laid by the tagged female. The inter-nesting mean 
interval was 14.8 days (range 14-17 days), and this compared with the periodicity 
of southern nesting females (Van Buskirk and Crowder, 1994).
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DISCUSSION
Temperature Profiles 
Probed substrate temperature data in Virginia should have produced a 
predominance of male loggerhead sea turtles. However, temperatures exist in the 
incubation egg chambers to produce female loggerheads from June to September. 
The frequencies of these temperatures decreased over the incubating season in 
Virginia. The temperatures for the development of female hatchlings were 
confined to depths of 15 and 37cm. The lack of air spaces in the incubating egg 
mass reduced the presence of female producing temperatures at the bottom depth 
(60cm).
Micro-environments within the transplanted egg chamber existed. These micro­
habitats in the relocated nests in Virginia compared with the findings of green sea 
turtle, Chelonia mvdas, nests in Tortuquero, Costa Rica (Morreale, 1983). More 
variability in temperature records was found in the transplanted Virginia nests 
because the egg masses are reburied to a maximum bottom depth of 60cm. The 
maximum depth found in natural nests for loggerheads in Florida and green sea 
turtles in Costa Rica is 100cm or more. At depths greater than 37cm, substrate
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mean temperatures are less affected by the diurnal cycles (Table 1, 2, and 3).
Based on these data, the “re -establishment’’ policy initiated in 1970s was not 
beneficial to the loggerheads in Virginia. The program was designed before the 
availability of scientific studies involving environmental determination of sex in 
saurians, freshwater turtles, marine turtles (Chamier, 1966; Pieau, 1972; Yntema, 
1976; Bull and Vogt, 1979; Vogt, 1982; Morreale et al., 1982; Mrosovsky et al.; 
1984; Spotila et al., 1983; Yntema and Mrosovsky, 1980), and Crocodilia 
(Ferguson and Joanen, 1982). The practice of relocating loggerhead nests to 
Virginia reduced the probability of nest temperatures necessary for the 
differentiation of female individuals. Mean temperature records in Virginia were 
lower than corresponding records analyzed for Florida (Ackermann, 1997).
The beaches in the City of Virginia Beach, Virginia are dynamically unstable. 
Millions of dollars are spent yearly on sand renourishment projects to maintain the 
summer resort beaches from Cape Henry south to Rudee Inlet. Thus, natural beach 
sites for nesting loggerheads are rare in Virginia. Moreover, the construction of 
dimes in the early 1930s destablized the beach face and decreased habitats required 
to support natural loggerhead nests.
High tide destroyed two natural Eastern Shore loggerhead nests in 1989. The
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five year (1985-1989) average for loggerhead nests in Virginia is four. Extensive 
loggerhead nesting has never been documented in Virginia. On the other hand, in 
1994, 1495 sea turtle nests were deposited on a 7 kilometer beach at Patrick Air 
Force Base, Florida ( Bagley et al., 1995). An estimated half million loggerhead 
eggs are deposited in Florida annually.
At the Virginia incubating site, daily mean substrate temperatures for all depths 
in the nest reached their maxima later and later in the day from June to October due 
to a decrease in solar radiation. In addition, the wire cage used for the protection 
of the loggerhead eggs probably conducted and contributed heat to elevate the 
peripheral substrate temperature records at 37cm depth.
Meteorological Profiles
Daily solar radiation is the source of heat to the beach surface. All other 
incubating parameters respond to the intensity of solar radiation, which is partially 
absorbed by the surface of sand. This absorption rate is determined by the type of 
substrate and the latitude of Virginia. The seasonal decrease in solar radiation 
corresponds to a decrease in mean temperatures at each specified depth. The
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subterranean temperature profiles are affected and maintained for the duration of 
incubation by this radiant heat.
Changes in temperature profiles are also affected by daily meteorological effects. 
At night, heat released from the surface reduces the top temperature profile. This 
physical characteristic of the 15 cm depth to lose heat was due to nightly radiation of 
heat from the substrate back into the atmosphere. The rate of heat lost from the 
substrate could be affected by clear or cloudy nightly skies, humidity, ambient 
temperature, wind speed and direction. Heat is lost at the top of the egg mass while 
the center and bottom regions retain heat. The top depth is the most variable.
These effects are more pronounced in the shallow relocated nests in Virginia. 
Substrate depths of 60cm and greater are less affected by weather (Morreale, 1983). 
Ambient mean temperatures respond quickly to solar radiation. The atmosphere is 
less dense and retains less heat than the substrate and reaches daily maxima earlier 
in the day with a greater variability than the top substrate profiles.
Rainfall contributes to the moisture in the substrate at elevated incubation site. 
Lower conductivity of heat results from drier substrate conditions and increases 
with the addition of moisture. For the length of the study, excluding the surface 
depth (1-5 cm), the sample cores exceeded one gram of water for each of the 5-7cm
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depth to the bottom respectively. With this moisture content the relative humidity 
for this substrate is 100 % (Ackermann et al, 1985). The moisture content within 
these levels in the substrate affects different micro-environments for the developing 
embryos by altering temperature means and the rate of exchange of crucial 
metabolic gases, oxygen and carbon dioxide. As a result, the health and 
survivorship of each hatchling may be affected.
Temperature records from each site probed in 1988 and 1989 were variable 
although sites/nests were in close physical proximity. This accounted for the 
temperature differences recorded among simultaneous temperature records logged 
in 1988. In 1989, nest temperature records were not synchronous, but shared 
overlapping data records. These distances between probed sites for 1988 and 1989 
varied from 0.5 to 3.5m. The incubation site surface was not flat causing the 
quantity of thermal heating to be determined by the angle of incidence from solar 
radiation. These changes in the angle of incidence, compacted subterranean 
substrate, and root systems from dune grasses (ie. sea oats, Uniola paniculatal could 
contribute to the variations in moisture content and thermal distribution. Uneven 
distributions of heat and moisture could affect the concurrent temperature records. 
Irregular intervals in substrate sampling and the small sample sizes precluded
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identification of these intrinsic changes in the moisture distribution.
Tidal Interactions
The tide cycles are significant in affecting the mean temperature profiles in 
Virginia. The strongest components were the 29.5 and 14.7 day cycles (full/new 
moon). No previous studies have reported this lunar effect on incubation 
temperatures. Tide cycle affected incubating sites 3-4 meters above mean sea level. 
At nest depths of 15-37cm an elevated change in the mean temperature records of 1 
to 2C were recorded. The bottom depth had the lowest deviation from its 
temperature means. The heating from the spring tide cycle was affected by heavy 
rains. Recovery or heat uptake in the temperature profiles took several days. Since 
the effects for the spring/neap cycles were recorded in an elevated incubation site, 
the effects could be stronger in the beach face, i.e. North Carolina, South Carolina, 
Georgia, and Florida. The spring/neap lunar cycle could control the pivotal 
temperature. In addition, the randomness of other environmental parameters (such 
as weather) has a major role.
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Nests and Hatchlings
Loggerhead hatch rates in the Virginia research site were high. The overall hatch 
mean for three years (1987, 1988, & 1989) was ninety percent (X=90%). The 
incidence of infertile eggs and ant infestation contributed to the unsuccessful egg 
development. A higher proportion of female loggerhead hatchlings could have 
differentiated in these nests. During the middle trimester, temperatures existed for 
the production of female hatchling loggerheads in Virginia. The depths, 15 to 
60cm, are more shallow than natural loggerhead nests. Should management 
objectives include attainment of a 1:1 sex ratio in Virginia nests, then future 
protection and relocation of transplanted loggerhead nests in BBNWR should place 
the egg masses no deeper than 37cm. However, if the objectives of management 
are to reproduce sex ratios similar to those from natural Virginia nests, egg masses 
should be buried deeper.
The green turtle nesting beaches in Tortuquero, Costa Rica, have areas with 
heavy vegetation (Spotila et al., 1987) that provide shade and cooler temperature 
conditions which increase production of male hatchlings. Florida, Georgia, South 
Carolina, and North Carolina beaches do not have areas of dense vegetation, but are
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relatively homogenous in structure (Mrosovsky, 1984). However, the nesting 
season for these northern nesting habitats is characterized by seasonal trends: cool 
springs, hot summers, and cool falls. The cooler temperatures in early and late nests 
provide the male producing temperatures.
Even though loggerhead nesting in Virginia is rare, one female loggerhead 
tagged and recaptured twice, exploited a 10 km section of the BBNWR beach to 
deposit at least 2 of her probable 5 nests. In general though, incidental nesting 
female loggerheads in Virginia are serendipitous. In addition, hatchlings released 
on Virginia beaches must swim 320 to 480 km to the warmer waters of the Gulf 
Stream.
Conclusion
Sea turtle conservation efforts should be re-examined by the USF&WS in 
Virginia. A policy unbiased to scientific protocol should be developed based on 
the whether the objectives is to try to recreate natural Virginia nest conditions in 
transplanted nests, or to produce a 50:50 sex ratio. Both cannot be achieved at the 
same time. In this study, tidal components allowed for periods of heating in the
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micro-environment favorable to the production of female loggerheads in Virginia. 
If the tidal effects were present in an unnatural elevated (3-4 meters) incubation 
site, the extremes must be greater for a natural beach nest, and tides may be an 
important factor in affecting nest temperatures at other if not most sea turtle nesting 
beaches. The physical mechanics of tidal related heating and cooling of the 
substrate need more investigation.
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TABLE 1
TEMPERATURE RECORDS FOR LOGGERHEAD NEST #5
FOR DEPTHS 15, 37, AND 60CM
FOR THREE CONSECUTIVE PERIODS IN 1987.
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LOGGERHEAD NEST #5 IN 1987.
DEPTH N MEAN STANDARD MINIMUM MAXIMUM PERIOI
TOP(15cm) (X) DEVIATION TEMP. C TEMP. C (DAYS)
(N5) 1829 29.02 1.50 21.88 35.60 211-230
(N5) 1823 27.61 1.56 24.02 31.16 233-252
(N5) 1823 24.57 3.37 16.10 31.12 260-279
CENTER EGG MASS (37cm)
(N5) 1829 28.58 0.97 22.01 36.10 211-230
(N5) 1823 27.21 0.90 25.42 29.01 233-252
(N5) 1823 24.93 3.26 16.48 29.58 260-279
SIDE EGG MASS (37cm)
(N5) 1829 28.73 0.89 22.54 33.43 211-230
(N5) 1823 27.34 0.95 25.45 29.38 233-252
(N5) 1823 24.67 3.00 16.68 29.31 260-279
BOTTOM EGG MASS (60cm)
(N5) 1829 27.86 0.66 22.10 33.12 211-230
(N5) 1823 27.10 0.60 25.71 28.24 233-252
(N5) 1823 24.81 2.86 16.76 28.10 260-279
TABLE 2
TEMPERATURE RECORDS FOR SITES 1,2, 3, AND 4
AT DEPTHS 15, 37 AND 60CM FOR 88, 38, AND 50
DAY INTERVALS IN 1988.
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TEMPERATURE RECORDS FOR SITES(S) 1,2,3, AND 4 IN 1988
DEPTH N MEAN STANDARD MINIMUM MAXIMUM PERIOD
(X) DEVIATION TEMP. C TEMP. C (DAYS)
TOP(15cm)
(SI) 2107 26.47 6.00 14.63 *43.42 204-292
(S2) 2107 25.00 4.27 13.66 32.50 204-292
(S3) 2107 25.65 4.20 15.10 32.96 204-292
(S4) 2107 26.57 4.34 14.80 34.30 204-292
(SI) 883 31.72 4.90 24.77 *43.42 204-241
(S2) 883 28.76 1.67 24.86 32.50 204-241
(S3) 883 29.41 1.71 25.37 32.96 204-241
(S4) 883 30.21 2.00 25.73 34.27 204-241
(SI) 1223 22.67 3.21 14.63 28.95 241-292
(S2) 1223 22.30 3.43 13.66 28.89 241-292
(S3) 1223 22.93 3.22 15.10 29.30 241-292
(S4) 1223 23.94 3.60 14.80 31.35 241-292
MIDDLE (37cm)
(SI) 2107 25.38 3.33 17.15 30.28 204-292
(S2) 2107 25.15 3.33 16.82 29.75 204-292
(S3) 2107 26.11 3.50 17.65 31.10 204-292
(S4) 2107 25.12 3.77 15.84 30.44 204-292
(SI) 883 28.42 1.10 26.10 30.17 204-241
(S2) 883 28.15 1.00 26.04 29.75 204-241
(S3) 883 29.30 1.13 26.80 31.11 204-241
(S4) 883 28.57 1.14 25.92 30.44 204-241
(SI) 1223 23.47 2.30 18.34 27.41 241-292
(S2) 1223 22.98 2.68 16.82 27.63 241-292
(S3) 1223 23.82 2.70 17.65 28.76 241-292
(S4) 1223 22.63 2.95 15.84 28.11 241-292
TABLE 3 CONTINUED.
DEPTH N MEAN STANDARD MINIMUM MAXIMUM PERIOD
(X) DEVIATION TEMP. C TEMP. C (DAYS)
BOTTOM (60cm)
(SI) 2107 25.31 2.84 18.34 29.33 204-292
(S2) 2107 25.01 2.85 17.80 28.94 204-292
(S3) 2107 27.42 2.55 20.92 31.21 204-292
(S4) 2107 24.86 3.33 16.74 29.35 204-292
(SI) 883 27.85 0.90 26.00 29.33 204-241
(S2) 883 27.51 0.84 25.90 28.94 204-292
(S3) 883 29.50 1.10 26.80 31.21 204-292
(S4) 883 27.90 0.94 26.03 29.35 204-292
(SI) 1223 23.47 2.30 18.34 27.41 241-292
(S2) 1223 23.19 2.38 17.80 27.31 241-292
(S3) 1223 25.93 2.25 20.92 29.88 241-292
(S4) 1223 22.66 2.63 16.74 27.38 241-292
*circuitry error
TABLE 3
TEMPERATURE RECORDS FOR LOGGERHEAD NESTS (N) FOR
DEPTHS 15, 37, AND 60CM IN 1989.
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TEMPERATURE NEST RECORDS FOR 1989
DEPTH N MEAN STANDARD MINIMUM MAXIMUM PERIOD
TOP(15cm) (X) DEVIATION TEMP. C TEMP. C (DAYS)
(Nl) 815 31.43 3.81 21.81 *39.14 183-219
(N2) 1227 28.22 1.96 23.55 32.78 189-241
(N3) 990 28.56 2.33 23.75 33.20 189-253
(N4) 1028 27.80 1.98 23.71 34.63 193-255
(N5) 1358 27.50 1.90 23.40 32.31 203-266
(N6) 669 28.64 2.75 21.62 33.64 245-273
(N7) 473 24.50 1.55 22.31 28.12 246-281
CENTER EGG MASS (37cm)
(Nl) 815 29.43 1.66 25.16 32.18 183-219
(N2) 1227 28.50 1.27 24.82 31.34 189-241
(N3) 990 29.00 1.62 25.41 32.51 189-253
(N4) 1028 27.80 1.37 24.75 33.70 193-255
(N5) 1358 27.60 1.16 24.40 29.56 203-266
(N6) 1482 28.13 1.70 23.00 30.81 211-273
(NT) 473 25.10 2.50 21.90 30.74 246-281
SIDE EGG MASS (37cm)
(Nl) 815 29.10 1.30 25.70 33.24 183-219
(N2) 1227 29.13 1.32 25.77 32.18 189-241
(N3) 990 29.83 2.12 26.00 34.20 189-253
(N4) 1028 27.50 1.44 24.30 32.63 193-255
(N5) 1358 27.33 1.13 24.40 29.40 203-266
(N6) 669 26.30 2.00 21.40 28.83 245-273
(N7) 473 23.30 2.41 18.51 30.10 246-281
BOTTOM EGG MASS (60cm)
(Nl) 815 27.77 1.12 25.48 31.00 183-219
(N2) 1227 29.03 1.15 26.43 31.44 189-241
(N3) 990 29.53 1.10 27.24 31.93 189-253
(N4) 1028 27.20 1.00 24.74 32.00 193-255
(N5) 1358 26.60 0.75 24.65 27.72 203-266
(N6) 1482 27.10 1.21 23.32 28.61 211-273
(N7) 473 22.82 2.27 18.62 28.70 246-281
*circuitry error
TABLE 4
TIME SERIES REGRESSION ANALYSIS ON TEMPERATURE 
RECORDS FOR NEST #5 FOR ALL DEPTHS 
FOR THREE PERIODS IN 1987.
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REGRESSION RESULTS IN 1987
DEPTH TEMP. r(day)
TOP(15cm) CONST.
(N5) +0.037 1.40
(N5) +0.002 1.20
(N5) +0.075 1.10
CENTER EGG MASS (37cm)
(N5) +0.026 0.30
(N5) +0.027 0.30
(N5) +0.085 0.30
SIDE EGG MASS (37cm)
(N5) +0.025 0.50
(N5) +0.024 0.42
(N5) +0.074 0.40
BOTTOM EGG MASS (60cm)
(N5) +0.007 0.02
(N5) +0.023 0.14
(N5) +0.08 0.08
r(29day) r(14d) r(7d) 
AMPLITUDES
7.10 1.64 0.36
2.60 1.71 0.93
18.44 6.10 1.00
5.30 1.50 0.20
5.74 1.50 0.72
20.41 6.20 1.10
5.02 1.40 0.21
5.12 1.40 0.71
17.93 5.60 1.00
1.50 0.72 0.21
4.90 1.30 0.42
18.72 5.60 1.05
S R* PERIOD
(DAYS)
1.00 59.2 211-230
0.83 71.8 233-252
0.92 92.6 260-279
0.90 23.0 211-230
0.42 78.5 233-252
0.61 96.5 260-279
0.72. 35.2 211-279
0.44 79.0 233-252
0.63 95.7 260-279
0.62 13.8 211-279
0.21 88.0 233-279
0.50 97.0 260-279
TABLE 5
TIME SERIES REGRESSION ANALYSIS RESULTS 
FOR TEMPERATURE RECORDS IN 
FOR SITES (S) 1, 2, 3, AND 4 FOR ALL DEPTHS 
FOR 88, 38, AND 50 DAY PERIODS IN 1988.
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REGRESSION RESULTS IN  1988
DEPTH TEMP. r(day) r(29d) r(14d) r(7d) S RV PERIOD
TOP(15cm) CONST. AMPLITUDES (DAYS)
(SI) -0.008 1.13 2,16 0.30 0.80 3.34 69.0 204-292
(S2) -0.006 1.00 0.45 0.60 0.60 2.00 79.0 204-292
(S3) -0.006 1.00 0.34 0.54 0.52 1.92 79.0 204-292
(S4) -0.005 1.40 1.00 0.54 0.64 2.30 72.6 204-292
(SI) -0.001 1.50 6.12 0.93 1.13 1.60 90.1 204-241
(S2) -0.0004 1.30 1.10 1.00 0.40 0.80 79.8 204-241
(S3) -0.0002 1.30 1.20 1.00 0.40 0.73 82.0 204-241
(S4) +0.001 1.60 1.44 1.10 0.42 0.90 72.6 204-241
(SI) -0.007 1.20 1.60 0.50 0.62 1.41 81.0 241-292
(S2) -0.007 1.03 1.80 0.51 0.73 1.50 81.8 241-292
(S3) -0.007 1.00 1.70 0.50 0.64 1.40 81.7 241-292
(S4) -0.007 1.20 2.00 0.54 0.80 1.60 81.1 241-292
MIDDLE (37cm)
(SI) -0.005 0.30 0.30 0.34 0.32 1.53 79.0 204-292
(S2) -0.005 0.21 0.40 0.40 0.33 1.52 79.4 204-292
(S3) -0.005 0.31 0.32 0.40 0.34 1.60 79.1 204-292
(S4) -0.005 0.30 0.40 0 40 0.40 1.70 80.5 204-292
(SI) +0.001 0.40 1.00 0.70 0.23 0.40 88.8 204-241
(S2) +0.0003 0.30 1.00 0.70 0.22 0.33 89.3 204-241
(S3) +0.0003 0.42 1.00 0.80 0.22 0.40 87.7 204-241
(S4) +0.0000 0.40 1.10 0.80 0.23 0.40 88.8 204-241
(SI) -0.006 0.31 1.30 0.40 0.40 1.00 86.5 241-292
(S2) -0.006 0.21 1.40 0.40 0.40 1.00 86.1 241-292
(S3) -0.006 0.32 1.44 0.40 0.41 1.04 85.3 241-292
(S4) -0.005 0.11 1.34 0.40 0.30 0.90 89.8 241-292
TABLE 7 CONTINUED
DEPTH TEMP. r(day) r(29d) r(14d) r(7d) S & PERIOD 
CONST. AMPLITUDES (DAYS)
BOTTOM (60cm) 
(SI) -0.004 0.10 0.30 0.30 0.22 1.40 77.5 204-292
(S2) -0.004 0.10 0.33 0.30 0.30 1.40 76.4 204-292
(S3) -0.003 0.10 0.50 0.32 0.24 1.50 67.3 204-292
(S4) -0.005 0.40 0.34 0.30 0.30 1.50 80.4 204-292
(SI) +0.001 0.14 0.90 0.60 0.20 0.30 92.0 204-241
(S2) +0.0001 0.12 0.80 0.54 0.20 0.22 93.1 204-241
(S3) +0.002 0.15 0.80 0.70 0.30 0.34 90.2 204-241
(S4) +0.000 0.14 0.93 0.62 0.20 0.30 92.0 204-241
(SI) -0.006 0.11 1.10 0.40 0.20 0.80 89.2 241-292
(S2) -0.005 0.10 1.21 0.40 0.30 0.84 87.7 241-292
(S3) -0.005 0.11 1.10 0.34 0.22 0.80 87.7 241-292
(S4) -0.005 0.30 1.60 0.43 0.43 1.10 87.4 241-292
TABLE 6
TIME SERIES REGRESSION ANALYSIS RESULTS 
FOR TEMPERATURE NESTS 
RECORDS AT ALL DEPTHS 
IN 1989.
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REGRESSION RESULTS IN 1989
DEPTH TEMP. r(day) r(29 d) r(14 d) r(7 d) S R ^ PERIOD
TOP(15cm) CONST. AMPLITUDES (DAYS)
(Nl) +0.007 2.46 2.30 1.84 0.63 1.75 79.0 183-219
(N2) -0.001 1.26 1.94 0.86 0.19 1.27 58.0 189-241
(N3) -0.001 1.56 2.53 0.97 0.62 1.21 73.4 189-253
(N4) -0.001 0.98 1.84 0.74 0.61 1.11 66.7 193-255
(N5) +0.0002 0.87 1.20 1.04 0.42 1.36 47.8 203-266
(N6) -0.02 0.90 2.62 0.63 0.71 0.92 88.9 245-273
(N7) +0.02 1.42 1.96 0.30 1.30 1.02 94.4 246-281
CENTER EGG MASS (37cm)
(Nl) +0.003 0.50 0.84 1.02 0.27 0.90 72.2 183-219
(N2) +0.001 0.43 0.94 0.70 0.10 0.83 58.0 189-241
(N3) +0.002 0.40 2.00 0.70 0.43 0,64 84.3 189-253
(N4) -0.001 0.30 1.40 0.63 0.40 0.71 71.5 193-255
(N5) +0.0001 0.20 1.00 0.80 0.30 0.80 53.6 203-266
(N6) -0.016 0.90 2.62 0.63 0.71 0.92 88.9 245-273
(N7) +0.012 0.70 1.50 0.30 1.10 0.64 96.6 246-281
SIDE EGG MASS (37cm)
(Nl) +0.003 0.50 0.45 0.90 0.30 0.70 72.0 183-219
(N2) +0.000 0.50 1.10 0.62 0.10 0.84 60.0 189-241
(N3) +0.005 0.50 2.04 0.83 0.32 0.53 94.0 189-253
(N4) -0.002 0.50 1.43 0.63 0.42 0.71 74.0 193-255
(N5) +0.000 0.23 1.00 0.71 0.30 0.72 59.4 203-266
(N6) -0.014 0.30 2.30 0.52 0.53 0.50 93.8 211-273
(N7) +0.001 0.50 1.12 0.50 0.70 0.44 88.9 246-281
BOTTOM EGG MASS (60cm)
(Nl) +0.003 0.14 0.60 0.70 0.14 0.50 81.1 183-219
(N2) +0.001 0.12 0.94 0.40 0.07 0.53 79.0 189-241
(N3) +0.002 0.40 2.00 0.70 0.43 0.64 84.3 189-253
(N4) -0.0001 0.12 1.22 0.50 0.33 0.44 80.3 193-255
(N5) -0.0001 0.10 0.70 0.50 0.13 0.41 68.6 203-266
(N6) +0.002 0.10 1.00 0.50 0.33 0.30 88.8 245-273
(N7) -0.001 0.13 1.20 0.40 0.40 0.21 94.0 246-281
FIGURE 1
HOURLY MEAN NEST TEMPERATURE, 
HOURLY RADIATION, AND AMBIENT TEMPERATURE 
RECORDS FOR DAYS 233-252 
IN 1987
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NEST # 5  
20 DAY PERIOD (8/23-9/9) IN 1987
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FIGURE 2
HOURLY MEAN TEMPERATURE, 
HOURLY RADIATION, AND RAINFALL 
RECORDS FOR DAYS 204-241 FOR SITE 2 
IN 1988
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SITE 2
38 DAY PERIOD (7/23-8/28) IN 1988
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FIGURE 3
HOURLY MEAN TEMPERATURE, 
HOURLY RADIATION, AND RAINFALL 
RECORDS FOR NEST #2 FOR 
DAYS 195-215 IN 1989
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NEST #2
FOR 20 DAY PERIOD (7/14-8/3) IN 1989
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FIGURE 4
HOURLY MEAN TEMPERATURE, 
HOURLY RADIATION, AND RAINFALL 
RECORDS FOR NEST #4 FOR 
DAYS 216-236 IN 1989
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NEST #4
FOR 20 DAY PERIOD (8/4-8/24) IN 1989
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FIGURE 5
TEMPERATURE SUBSTRATE MAXIMA 
(VERTICAL LAG) OVER A 3 DAY DURATION FOR 
NEST#5 1987, SITE2 1988, AND NEST #2 1989 
FOR DEPTHS 15, 37, AND 60CM
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HOURLY MEAN TEMPERATURES IN NEST #2 
FOR 3 DAY PERIOD (7/14-7/17) IN 1989
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FIGURE 6
MOISTURE RECORDS FOR BOTTOM SILL 
FOR DAYS 196-279, (7/15-10/6), IN 1988 
AND 167-266, (6/16-9/23), 1989
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BOTTOM SILL MEAN WATER CONTENT 
FOR EACH 20 CM TOP, MIDDLE, 
AND BOTTOM CORE DEPTH
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FIGURE 7
MEAN CENTER TEMPERATURE RECORDS FOR
NEST #5 WITH TIDAL COMPONENT FOR
DAYS 233-252 IN 1987
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FIGURE 8
MEAN CENTER TEMPERATURE RECORDS
FOR SITE 2 WITH TIDAL COMPONENT FOR
DAYS 204-241 IN 1988
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FIGURE 9
MEAN CENTER TEMPERATURE RECORDS FOR NESTS #2
AND #4 WITH TIDAL COMPONENT FOR
DAYS 195-215 AND 216-236 IN 1989
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